Actinobacillus pleuropneumoniae is an encapsulated, gramnegative bacterium that causes swine pleuropneumonia, a frequently fatal and highly contagious respiratory disease. There are 12 recognized serotypes of A. pleuropneumoniae that vary in virulence and geographic predominance (33) . The capsular polysaccharide (CP) is responsible for serotype specificity and is required for virulence (19, 20) . Nonencapsulated A. pleuropneumoniae mutants obtained by chemical mutagenesis have been shown to be effective vaccine candidates in that they are safe and highly protective (20) . However, not all such mutants are stable, and the nature of the mutation(s) is unknown. Hence, characterization of the genes involved in CP export and biosynthesis would be desirable.
We have previously reported cloning and sequencing an A. pleuropneumoniae DNA region involved in export of the CP of serotype 5a. This region consists of four genes, designated cpxABCD, which had a high degree of homology to the group II capsule export genes of Haemophilus influenzae type b (bex DCBA), Neisseria meningitidis group B (ctrABCD), and to a lesser extent, Escherichia coli K5 (kpsE and kpsMT) (54) . This homology suggested that A. pleuropneumoniae also synthesized a group II capsule, whose organization predicted that the biosynthesis region would be upstream of cpxDCBA (12) . We now report cloning and sequencing of four genes upstream of the cpx CP export region that correspond to capsular biosynthesis genes. A mutant with a deletion in three of these genes by allelic exchange was incapable of synthesizing CP and was avirulent in pigs. trans expression of these three genes in serotype 1 resulted in a chimeric strain producing both serotype 1 and 5 CP. However, expression of serotype 5 CP genes resulted in diminished production of serotype 1 CP, as well as diminished virulence in pigs and mice.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . For all experimentation, bacteria were grown at 37°C with vigorous shaking to mid-log phase (10 9 CFU/ ml) in medium containing NAD (5 g/ml; Sigma Chemical Co., St. Louis, Mo.) unless otherwise noted. For extraction of genomic DNA and for bactericidal assays, A. pleuropneumoniae strains were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) (BHI-N). For electroporation, A. pleuropneumoniae strains were grown in tryptic soy broth (Difco) containing 0.6% yeast extract (Difco) (TSY-N). For swine challenge experiments, A. pleuropneumoniae strains were grown in Columbia broth (Difco). E. coli strains were grown in Luria-Bertani broth (40) for routine cultivation or in Terrific broth (47) for extraction of plasmids. Antibiotic concentrations for maintaining plasmids in E. coli were 100 g/ml for ampicillin, 80 g/ml for streptomycin, and 50 g/ml for kanamycin. Kanamycin was used at 85 g/ml for selection of A. pleuropneumoniae recombinant mutants.
Calculation of generation time. The generation time of logarithmic-phase A. pleuropneumoniae strains grown in TSY-N was calculated by using the equation g ϭ R/1, where g is the generation time of the bacterial population and R is the average rate of bacterial growth (34) . The average rate of growth, R, was calculated by using the following equation: R ϭ 3.32(log 10 N Ϫ log 10 N 0 )/t, where t is the elapsed time, N is the number of bacteria at time t, and N 0 is the initial number of bacteria at time zero.
DNA hybridization. Restriction endonuclease-digested DNA was electrophoresed through 0.7% agarose gels and was transferred by capillary action to MagnaGraph nylon membranes (Micron Separations Inc., Westboro, Mass.) by using 20ϫ SSC (3 M NaCl, 300 mM sodium citrate [pH 7]) as previously described (40, 44) . DNA was covalently linked to nylon membranes by UV irradiation using a UV Stratalinker (Stratagene, La Jolla, Calif.). Digoxigeninlabeled probes for DNA hybridizations were synthesized by the random primer method by using a Genius system nonradioactive labeling and detection kit (Boehringer Mannheim Corp., Indianapolis, Ind.) according to the manufacturer's directions. DNA hybridizations were performed at 68°C in solutions containing 5ϫ SSC. The membranes were washed and developed according to the Genius system directions for colorimetric detection.
Recombinant DNA methods. Genomic DNA was isolated from A. pleuropneumoniae as previously described (54) . Plasmid DNA was isolated by a rapid alkaline lysis method (22) . Restriction fragments required for cloning and probe synthesis were eluted from agarose gels as described elsewhere (59) . Restriction digests, agarose gel electrophoresis, and DNA ligations were done with T4 DNA ligase (Gibco BRL, Gaithersburg, Md.) (40) . DNA fragments were cloned by ligating electroeluted BamHI-digested or EcoRI-digested J45 genomic DNA in the range of 5.0 to 6.5 kb or 7.0 to 10.0 kb into the BamHI site or the EcoRI site in pGEM-3z, respectively. Restriction fragments were made blunt ended by filling in 5Ј overhangs with deoxynucleotide triphosphates (Boehringer Mannheim), using the Klenow fragment of DNA polymerase I (Promega Corp., Madison, Wis.) (40) . Plasmid DNA was electroporated into E. coli strains (8) by using a BTX ECM 600 electroporator (BTX, Inc., San Diego, Calif.).
Multiplex PCR. Gene products of 0.7 and a 1.1 kb were amplified from A. pleuropneumoniae DNA with forward and reverse primers (Genosys Biotechnologies, Inc., The Woodlands, Tex.) directed to a portion of cpxC and cpxD (54) and to a portion of cps5A and cps5B (30) , respectively.
Construction of nonencapsulated A. pleuropneumoniae by allelic exchange. The pCW11E⌬1KS1 suicide vector for knockout mutagenesis was constructed by first digesting pCW-11E with BglII and StuI to create a large deletion that spanned cps5ABC (Fig. 1) . The end of the BglII site was made blunt ended, and the large 6.4-kb fragment was ligated to the 3.8-kb BamHI fragment of pKS (also made blunt ended) containing the Tn903 nptI gene (36) , which confers kanamycin resistance (Kan r ) to A. pleuropneumoniae (48) . The pCW11E⌬1KS1 vector was purified through a CsCl gradient (40) and electroporated into mid-logarithmic-phase A. pleuropneumoniae J45, previously washed four times in chilled (4°C), filter-sterilized buffer (28) modified to contain 272 mM mannitol, 2.43 mM K 2 HPO 4 , 0.57 mM KH 2 PO 4 , and 15% glycerol (pH 7.5). The cells were then washed once in chilled, filter-sterilized 15% glycerol and resuspended to approximately 10 10 CFU/ml in 15% glycerol. Aliquots of this suspension (90 l) were mixed with 1.5 to 2.0 g of plasmid DNA. The mixture was placed in chilled 2-mm gap electroporation cuvettes (BTX), and a BTX ECM 600 electroporator (BTX) set to a charging voltage of 2.5 kV and a resistance setting of R7 (246 ohms) was used for electroporation. The actual pulse generated was 2.39 kV delivered over 10.7 ms. After electroporation, the cells were recovered in 1 ml of TSY-N containing 5 mM MgCl 2 with gentle shaking for 3.5 h at 37°C. After recovery, the cells were cultured on TSY-N agar containing 85 g of kanamycin/ml at 37°C.
DNA sequencing and analysis. Double-stranded DNA templates were sequenced by the dideoxy-chain termination method (41) using custom oligonucleotide primers (DNAgency, Inc., Malverne, Pa., and Genosys Biotechnologies). The nucleotide sequence of both strands of the 2.7-kb XbaI-EcoRV DNA fragment of pCW-11E was determined by using a Sequenase version 2.0 DNA sequencing kit (United States Biochemical Corp., Cleveland, Ohio) with [ 35 S] dATP (DuPont/NEN Research Products, Boston, Mass.). The nucleotide sequences of both strands of the 1.7-kb EcoRV-BamHI fragment of pCW-11E and a portion of the 2.1-kb BamHI-EcoRI fragment of pMLAp53 were determined using an AutoRead kit with Cy5-dATP labeling on an ALFexpress DNA sequencer (Pharmacia Biotech, Piscataway, N.J.).
The nucleotide sequence obtained was combined with the nucleotide sequence of the 4.6-kb XbaI-ClaI DNA fragment of pCW-1C (54) and was analyzed with DNASTAR analysis software (DNASTAR, Inc., Madison, Wis.). Sequence similarity searches of the EMBL/GenBank/DDBJ databases were performed using BLAST software (2) at the National Center for Biotechnology Information (Bethesda, Md.).
Expression of cps5ABC. Plasmid pLS88, which contains Kan r and streptomycin resistance (Strep r ) markers, was first isolated from H. ducreyi and is an effective shuttle vector in A. pleuropneumoniae (57) . The A. pleuropneumoniae serotype 5a CP biosynthesis genes were subcloned into this vector by ligating the gel-purified 4.7-kb XmaI-HindIII fragment from pMLAp53 to XmaI-HindIII-digested pLS88, which deleted the Kan r site. Colonies were screened by hybridization with a probe specific for the cps5 region. The resulting plasmid, pJMLCPS5, was introduced into strains J45-100 and 4074 serotype 1 by electroporation as described above.
Immunoblotting. For colony immunoblots, A. pleuropneumoniae whole cells grown overnight on TSY-N agar plates were suspended in 0.01 M phosphatebuffered saline, pH 7.4 (PBS), and adjusted to 10 9 CFU/ml, determined spectrophotometrically. Approximately 10 5 CFU was applied to a nitrocellulose membrane (NitroBind; Micron Separations Inc., Westboro, Mass.) by using a Bio-Dot apparatus (Bio-Rad Laboratories, Richmond, Calif.). All incubations were at room temperature. The membrane was placed in chloroform for 15 min to lyse the bacteria, air dried, and incubated for 1 h in Tris-buffered saline, pH 7.5 (TBS), containing 2% nonfat dry milk to block nonspecific binding. The membrane was incubated 1 h in a 1:200 dilution of monospecific swine antiserum to the serotype 5a CP (19) in 2% milk-TBS. The membrane was washed in TBS containing 0.05% Tween 20 and then incubated for 1 h in a 1:1,000 dilution of rabbit anti-swine immunoglobulin G (IgG) conjugated to horseradish peroxidase (heavy and light chains; Cappel, Durham, N.C.). The membrane was washed in c This cartridge has been previously described (36) .
TBS and then developed with 4-chloro-1-naphthol (Bio-Rad) in TBS containing 0.02% H 2 O 2 .
Immunoblotting of A. pleuropneumoniae concentrated culture supernatant was performed as described previously (31) . The strips were incubated overnight at 4°C with either a monoclonal antibody specific for Apx toxin II (ApxII) (31) or a monoclonal antibody specific for ApxI (7, 11) .
Quantitation of CP by latex agglutination and enzyme linked-immunosorbent assay (ELISA). Latex agglutination was done as previously described (18) . Semiquantitation of serotype 1 and 5 CPs was determined by the greatest dilution of bacterial culture (cells and culture medium) that resulted in clear but minimal agglutination of latex particles conjugated to CP-specific IgG (2ϩ reaction) compared to purified CP.
A sandwich ELISA, which was a modification of a previous assay (19) , was used to more accurately quantitate CP. Optimal antibody concentrations were determined by checkerboard titration. Reagents were added to polystyrene plates (Nunc, Inc., Naperville, Ill.) in the following order: 10 g of purified rabbit IgG (18) to serotype 1 or serotype 5 CP per ml in carbonate buffer, blocking buffer (PBS containing 0.05% Tween 20, 5% nonfat dry milk, and 10% normal goat serum), 100 to 0.8 ng of purified CP per ml or dilutions of bacterial culture in blocking buffer, 5 g of purified pig IgG to serotype 1 or serotype 5 CP per ml in blocking buffer, 1:3,000 dilution of goat anti-swine IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.), and ABTS peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.). All incubations were for 1 h at 37°C, except that after addition of ABTS substrate, which was for 30 min at room temperature. Wells were washed five times in PBS-Tween 20 between each step. The absorbance at 405 nm was determined with a microplate reader (Molecular Devices Corp., Menlo Park, Calif.). Control wells for subtraction of background contained all reagents except antigen. Assays for quantitation of serotypes 1 and 5 CPs were done in quadruplicate, and the mean, standard deviation, and P value were calculated by the unpaired t test using InStat computer software (GraphPad Software, Inc., San Diego, Calif.).
Phenotypic analysis. Crude CP was isolated from culture supernatant by precipitation with 5 mM hexadecyltrimethylammonium bromide, extraction with 0.4 M NaCl, ethanol precipitation, and lyophilization (17) . Lipopolysaccharide (LPS) was isolated from A. pleuropneumoniae by a micro hot phenol-water extraction method (16) , and the electrophoretic profiles were examined as described elsewhere (16, 51) . Protein-enriched outer membranes were prepared and electrophoretically examined as described previously (19) . Apx toxin activity in concentrated culture supernatant was determined as described previously (20, 31) .
Serum bactericidal assay. The sensitivity of A. pleuropneumoniae to the bactericidal activity of 5, 10, 15, 20, 30, 40 , and 50% precolostral calf serum was determined after 60 min of incubation at 37°C as described previously (53) .
Virulence studies. Pigs 7 to 9 weeks of age were obtained from two local herds free from A. pleuropneumoniae infection and were distributed randomly into groups. Groups of pigs were housed in separate pens, with no direct physical contact permitted between groups. Broth-grown bacteria were harvested by centrifugation at 7,000 ϫ g and resuspended to approximately 10 9 CFU/ml in PBS. Viable plate counts were done to confirm the inoculating dose. Pigs were challenged intratracheally with 5 ml of a dilution of this suspension following mild sedation with Stresnil (Pittman-Moore, Inc., Washington Crossing, N.J.).
Pigs were necropsied as soon as possible after death or immediately after euthanasia with sodium pentobarbital. Lung lesions were scored on a scale of 0 to 4 as previously described (20) . Lung samples were taken at necropsy from the right cranial-dorsal aspect of the caudal lobe and cultured on BHI-N to isolate A. pleuropneumoniae.
Mice were challenged intranasally with 1.2 ϫ 10 7 to 1.5 ϫ 10 7 CFU of A. pleuropneumoniae recombinant or parent strain in 40 l as described previously (21) . Blood and spleen samples were collected aseptically and cultured onto BHI-N to measure bacteremia. The two-sided P values were calculated by using Fisher's exact test for 2 ϫ 2 contingency tables (InStat software) to determine statistical differences in mortality by isogenic strains.
Nucleotide sequence accession number. The nucleotide sequence of cps5ABCD was determined, submitted to GenBank, and assigned accession no. AF053723.
RESULTS
Identification and cloning of A. pleuropneumoniae serotypespecific DNA. Southern blot analyses were performed to identify an adjacent DNA region upstream from the cpxDCBA CP export gene cluster (54), which we expected to contain serotype-specific genes involved in CP biosynthesis (12) . Both BamHI-digested and EcoRI-digested A. pleuropneumoniae J45 genomic DNAs were probed with the digoxigenin-labeled 1.2-kb BamHI-XbaI fragment of pCW-1C that contained a portion of the cpxD gene (54) . This cpxD-specific probe hybridized to a 5.8-kb BamHI DNA fragment and to an 8.0-kb EcoRI DNA fragment of strain J45 chromosomal DNA, which were cloned into the BamHI site and the EcoRI site of pGEM-3Z, respectively. The plasmid containing the 5.8-kb BamHI fragment was designated pCW-11E, and the plasmid containing the 8.0-kb EcoRI fragment was designated pMLAp53. Portions of both the pCW-11E and the pMLAp53 inserts overlapped the DNA present on the insert of pCW-1C (54) (Fig. 1) .
The 2.1-kb BglII-StuI DNA fragment of pCW-11E ( Fig. 1 ) hybridized to a 5.8-kb BamHI genomic DNA fragment from three A. pleuropneumoniae serotype 5 strains tested but not to genomic DNA from serotypes 1, 2, 7, and 9 ( Fig. 2) . Thus, the A. pleuropneumoniae DNA in pCW-11E contained DNA that was specific to serotype 5 strains.
Nucleotide sequence and analysis of the serotype-specific A. pleuropneumoniae DNA region. The nucleotide sequence of the 4.4-kb XbaI-BamHI fragment of pCW-11E and a portion of the 2.1-kb BamHI-EcoRI fragment of pMLAp53 were determined. The nucleotide sequences of pCW-11E and pMLAp53 inserts contained four open reading frames (ORFs) designated cps5A, cps5B, cps5C, and cps5D (cps5 for capsular polysaccharide synthesis serotype 5) upstream and on the opposite strand from cpxD ( Fig. 1 and 3) . The AUG initiation codon of cps5B was 3 nucleotides downstream from the UAA termination codon of cps5A, and the AUG initiation codon of cps5C was identified 15 bases downstream from the UAA termination codon of cps5B. The initiation codon of cps5D was 49 bases downstream from the UAA termination codon of cps5C. Shine-Dalgarno ribosome-binding consensus sequences (42) were identified within 13 bases upstream of the AUG initiation codons of cps5A, cps5B, cps5C, and cps5D. Putative promoters containing sequences similar to the E. coli 70 Ϫ10 (TATAAT) and Ϫ35 (TTGACA) consensus sequences (14) were identified upstream of both cps5A and cps5D. The putative cps5D promoter was within the cps5C coding sequence. A sequence containing 8-bp inverted repeats with the potential to serve as a rho-independent terminator was identified downstream of cps5D. A sequence containing an AϩT-rich 8-bp inverted repeat was identified downstream of cps5C. The GϩC content for the DNA region encoding cps5ABC was 28%, whereas the GϩC content for the DNA region encoding cps5D was 42%.
The predicted polypeptides of cps5ABCD were composed of 321 (Cps5A), 526 (Cps5B), 382 (Cps5C), and 286 (Cps5D) amino acids (Fig. 3) . The predicted molecular masses for the polypeptides were 36.9, 61.7, 44.5, and 31.3 kDa, respectively. Hydropathy plots demonstrated that Cps5A, Cps5B, Cps5C, and Cps5D were relatively hydrophilic proteins, suggesting that these proteins may be associated with the cytoplasmic compartment (analysis not shown). BLAST searches (2) of the combined, nonredundant nucleotide and protein databases at the National Center for Biotechnology Information did not reveal any substantial homology between cps5ABC at the nucleotide level with other sequences in the databases (analysis not shown). However, a low level of homology was observed between Cps5A and several bacterial glycosyltransferases at the amino acid level, particularly the E. coli rfb protein B, an O-antigen glycosyltransferase involved in LPS biosynthesis (3, 5, 26, 29, 46) . The highest homology was at residues 190 to 253 of Cps5A and residues 554 to 621 of protein B (55% similarity) (5). Cps5B had low homology with the region 2 (biosynthesis region) ORF3 predicted protein product of the H. influenzae type b capsulation locus (52). Cps5C had low similarity with the Vibrio anguillarum rfb region ORF51x5 predicted protein (GenBank accession no. AF025396) (24) . The cps5D gene had high homology with kdsA genes, which encode 3-deoxy-D-manno-2-octulosonic acid (dOclA) 8-phosphate synthetase from other gram-negative bacteria. At the nucleotide level, cps5D was 77% identical to the E. coli kdsA gene (58), 78% identical to the H. influenzae kdsA gene (50) , and 80% identical to the Pasteurella haemolytica kdsA gene (4). At the amino acid level, the predicted Cps5D protein was 80% similar to E. coli KdsA, 87% similar to the H. influenzae KdsA protein, and 89% similar to P. haemolytica KdsA.
Production of nonencapsulated A. pleuropneumoniae by allelic exchange. The pCW11E⌬1KS1 vector did not replicate in A. pleuropneumoniae (unpublished data), enabling it to function as a suicide vector. After pCW11E⌬1KS1 was electroporated into A. pleuropneumoniae J45, seven Kan r transformants were obtained after the recovery mixtures were incubated at 37°C for 2 days. Four of these Kan r transformants were noniridescent when visualized with obliquely transmitted light, suggesting that they were nonencapsulated (data not shown). One of these transformants was randomly selected for further study and was designated J45-100.
Southern blot analyses of genomic DNA isolated from J45 and J45-100 with DNA probes specific for the nptI gene, the 2.1-kb BglII-StuI fragment of pCW-11E, and the 2.1-kb ClaI fragment of pCW-1C were performed (data not shown). The nptI-specific DNA probe hybridized to a 5.0-kb fragment of XbaI-digested J45-100 DNA but not to J45 DNA, verifying that the nptI marker was in the chromosome of J45-100. The 2.1-kb BglII-StuI fragment of pCW-11E hybridized to a 5.8-kb fragment of BamHI-digested J45 but not J45-100 DNA, verifying that this fragment was deleted in J45-100. The 2.1-kb ClaI probe specific for cpxABC hybridized to a 5.3-kb XbaI fragment of both J45 and J45-100, verifying that this portion of the A. pleuropneumoniae capsulation locus was unaffected by the double-recombination event that had occurred within the adjacent DNA region. The same hybridization results were obtained with the other three noniridescent transformants, indicating the same double-recombination event occurred in each transformant (data not shown).
Further evidence of a deletion in cps5 was obtained by multiplex PCR using primers specific to cpxCD and cps5AB (30) . The cpxCD primers generated a 0.7-kb fragment from encapsulated serotype 5 strains J45 and K17, two nonencapsulated strains derived by chemical mutagenesis, J45-C and K17-C (19, 20) , and recombinant strain J45-100. However, the 1.1-kb product of the cps5AB primers was amplified from each strain except J45-100, which was consistent with the engineered deletion in J45-100.
Phenotypic characterization of J45-100. Monospecific antiserum to CP reacted with colonies of J45 but did not react with J45-100 (Fig. 4) . The bacterial colonies on the membrane had been lysed in chloroform, indicating that J45-100 was unable to synthesize CP, as opposed to being unable to export it. In addition, neither whole nor sonicated J45-100 agglutinated latex particles that were conjugated to IgG specific for serotype 5a CP (18), whereas J45 whole cells and sonicated J45-C cells strongly agglutinated the conjugated latex particles (data not shown). These results verified that the deletion engineered into the cps region of A. pleuropneumoniae J45-100 resulted in the loss of CP biosynthesis. Furthermore, these results indicated that nonencapsulated mutant J45-C, isolated after ethyl methanesulfonate mutagenesis (20) , produced intracellular but not extracellular CP.
The expression and electrophoretic profiles of ApxI and -II, outer membrane proteins, and LPS were unchanged in J45-100 compared to its parent (data not shown). The growth curves of J45 and J45-100 in TSY-N were similar but not identical. Viable plate counts indicated that during logarithmic growth, J45-100 grew faster (generation time ϭ about 23 min) than parent strain J45 (generation time ϭ about 28 min) (data not shown). Recombinant strain J45-100 was efficiently killed within 60 min in 10 to 50% precolostral calf serum as a complement source, whereas encapsulated parent strain J45 was not killed at any concentration of serum (Fig. 5) .
Expression of cps5ABC. The entire cps5ABC region was cloned in the broad-host-range vector pLS88 to obtain pJLMCPS5, which was electroporated into strain J45-100. Strep r colonies of J45-100 were not obtained after several attempts. We attempted to modify the methylation pattern of pJMLCPS5 by cloning it into A. pleuropneumoniae serotype 1 strain 4074. About 27 Strep r colonies were obtained following electroporation of 9.6 ϫ 10 9 CFU of 4074. Eighteen of the Strep r colonies were screened, and five contained a plasmid of the expected size. Each of these five recombinant strains appeared more mucoid than parent strain 4074, and therefore one isolate [4074(pJMLCPS5)] was randomly selected for further characterization. Strain 4074(pJMLCPS5) was agglutinated by serotype 1-and serotype 5-conjugated latex particles, indicating that both CP types were being expressed. There was no agglutination of 4074 with the serotype 5 latex particles. To determine if the more mucoid phenotype of 4074(pJMLCPS5) was due to CP expression, CP was semipurified from culture supernatants of the parent and recombinant strains at mid-log phase (10 9 CFU/ml, or about 180 Klett units) and at late stationary phase (overnight culture, or about 355 Klett units). Viable cell plate counts were done from log-phase cultures. Accurate cell counts cannot be determined from late-stationary-phase cultures, and so CP content was calculated per Klett unit for comparative purposes. At mid-log phase, the amount of total crude CP obtained from culture supernatant of the parent was 5 ϫ 10 Ϫ6 mg/CFU, or 0.46 mg/Klett unit. The amount of total CP obtained from 4074(pJMLCPS5) supernatant in log phase was 6 ϫ 10 Ϫ7 mg/CFU, or 0.39 mg/Klett unit. In contrast, the total amount of CP purified from 4074 overnight culture supernatant was 0.13 mg/Klett unit, and the total amount of CP purified from 4074(pJMLCPS5) culture supernatant was 0. 16 A more accurate analysis of the CP content present in cell cultures (cells and culture medium) was made by capture ELISA (Table 2 ). There was significantly more serotype 1 CP/CFU made by 4074 than by 4074(pJMLCPS5) in log phase (P ϭ 0.0252). The difference was more significant when the amount of serotype 1 CP/Klett unit was measured either in log phase (P ϭ 0.0003) or in late stationary phase (P ϭ 0.0009). These results showed that at both log and late stationary phases, strain 4074(pJMLCPS5) made less serotype 1 CP than strain 4074. In log phase, there was also relatively little serotype 5 CP made by 4074(pJMLCPS5), and the combination of the two CPs (116.5 ng/Klett unit) was less than the amount of serotype 1 CP made by 4074 in log phase (123.5 ng/Klett unit). However, by late stationary phase, the combination of serotypes 1 and 5 CP made by 4074(pJMLCPS5) (479.2 ng/Klett unit) was greater than the amount of serotype 1 CP made by 4074 (452 ng/Klett unit). Therefore, in log phase relatively little serotype 5 CP was expressed by 4074(pJMLCPS5), and expression of serotype 1 CP was somewhat inhibited. However, by late stationary phase, more serotype 5 CP was produced, and the combination of the two CPs was greater than the amount of CP made by serotype 1 alone, explaining why overnight colonies of 4074(pJMLCPS5) appeared more mucoid than the parent strain. There was no significant difference in growth rate or hemolytic activity between 4074 and 4074 (pJMLCPS5) (data not shown).
Virulence of J45-100 and 4074(pJMLCPS5) in pigs and mice. Strain J45-100 did not cause any pleuropneumonia-related mortality in pigs when administered at doses 3 to 36 times (1.5 ϫ 10 7 to 1.8 ϫ 10 8 CFU) the 50% lethal dose (LD 50 ) of parent strain J45 (5 ϫ 10 6 CFU) ( Table 3) . In contrast, all four of the pigs challenged with 6.6 times the LD 50 Values greater than 100% were not recorded because they could not be accurately determined.
to severe pleuropneumonia ( Table 3 ). The five pigs challenged with the lowest dose of J45-100 (1.5 ϫ 10 7 CFU) did not exhibit any clinical symptoms characteristic of swine pleuropneumonia and did not develop any lung lesions. Furthermore, A. pleuropneumoniae was not cultured from lung samples taken 4 days postchallenge at necropsy. Three of the five pigs challenged with 3 ϫ 10 7 CFU of J45-100 were clinically normal, and no lung lesions were observed at necropsy. The remaining two pigs in this group exhibited mild dyspnea, and at necropsy some pleuritis and consolidation were observed (lung lesion score ϭ 1ϩ). A. pleuropneumoniae J45-100 was cultured only from these two pigs. There was a highly significant difference in the mortality caused by 3 ϫ 10 7 CFU of J45-100 compared to a similar or lower dose of J45 (P ϭ 0.0079). Pigs challenged with 8.4 ϫ 10 7 CFU of J45-100 all had less than 10% of their lung mass affected. Nonencapsulated A. pleuropneumoniae was isolated from the lungs of each of these pigs. One pig challenged with 8.4 ϫ 10 7 CFU of J45-100 died within 24 h of challenge. However, at necropsy two hemorrhagic lesions each 1 cm 3 in size were observed at the injection site; less than 3% of the lung mass had pleuropneumonia-like lesions. Therefore, this pig most likely died from asphyxiation due to swelling of the trachea at the injection site. Pigs challenged with the highest dose of J45-100 (1.8 ϫ 10 8 CFU, or 36 times the LD 50 ) had 10 to 30% of the total lung mass affected, and nonencapsulated A. pleuropneumoniae was recovered from the lesions. The type of lesions in each pig varied but consisted of congestion, consolidation, and some hemorrhagic necrosis, suggesting that the lesions were due to the Apx toxins. However, this dose of J45-100 still caused significantly less mortality than the lower dose of J45 (P ϭ 0.0286). All bacteria recovered from J45-100-infected pigs were nonencapsulated, as determined by failure to agglutinate serotype 5-specific latex beads. Thus, J45-100 did not revert to the encapsulated phenotype in vivo.
The virulence of strains 4074 and 4074(pJMLCPS5) was assessed in pigs by intratracheal challenge with 1.6 ϫ 10 7 and 1.8 ϫ 10 7 CFU, respectively, in 5 ml (Table 3) . Six of six pigs challenged with parent strain 4074 died by 36 h postchallenge (five of six within 20 h). All pigs had lung lesions comprising 33 to 60% of the lung mass consistent with pleuropneumonia (consolidation, edema, and/or hemorrhage). In contrast, only two of five pigs challenged with 4074(pJMLCPS5) died, and they died within 24 h. The remaining three pigs (one pig was mischallenged and eliminated from the study) were euthanized at 72 h postchallenge and appeared clinically normal. However, all pigs challenged with strain 4074(pJMLCPS5) had lung lesions similar in degree and severity to those of pigs challenged with strain 4074. These results suggested that strain 4074 (pJMLCPS5) was somewhat less virulent than parent strain 4074, but the difference in mortality was not quite significant (P ϭ 0.06).
To reassess the virulence of 4074(pJMLCPS5), mice were inoculated with 1.2 ϫ 10 7 or 1.5 ϫ 10 7 CFU of 4074(pJML CPS5) or its parent, respectively, per 40 l. Five of six mice challenged intranasally with 4074 were bacteremic by 2.5 h after intranasal challenge (50 to 100 CFU/ml), whereas only two of six mice were bacteremic following challenge with 4074 (pJMLCPS5) (Յ50 CFU/ml). By 20 h postchallenge, five of six mice challenged with the parent had died. The remaining mouse had a high level of bacteremia (1.75 ϫ 10 4 CFU/ml) and was euthanized. At 20 h postchallenge, only one of six mice challenged with 4074(pJMLCPS5) had died, and two of six mice were bacteremic (1.2 ϫ 10 3 CFU/ml). The remaining four mice did not become bacteremic; three were clinically normal by 48 h postchallenge, and one died during phlebotomy. These results support those obtained with the pigs and indicate that 4074(pJMLCPS5) was less virulent than strain 4074. Because bacteria are in log phase in vivo, the lower virulence of isogenic strain 4074(pJMLCPS5) than of strain 4074 was likely due to its diminished amount of total CP.
DISCUSSION
A DNA region upstream from A. pleuropneumoniae J45 cpxD was cloned and sequenced. A portion of this region hybridized b This dose is 6.6 times the LD 50 (5 ϫ 10 6 CFU) (20) . c All of the pigs in this group died within 36 h postchallenge. d A. pleuropneumoniae was recovered from the lungs and was confirmed to be nonencapsulated by lack of iridescence and failure to agglutinate serotype 5-specific latex particles.
e One pig died within 24 h postchallenge. At necropsy, two 1-cm 3 hemorrhagic lesions were present at the injection site. Less than 3% of the lung mass had lesions characteristic of pleuropneumonia.
f A chemically derived, nonencapsulated mutant that has been previously characterized (20) . (27, 52) and in N. meningitidis group B (upstream of ctrA) (12) , providing further evidence that A. pleuropneumoniae synthesizes a group II capsule. In general, little homology exists between the genes that encode glycosyltransferases involved in the biosynthesis of structurally distinct CPs (9, 37, 38, 52) . Therefore, the lack of substantial overall homology observed at the nucleotide level between cps5ABC and the sequences in the databases was expected. The low overall amino acid homology, with shared regions of higher homology, between Cps5A, Cps5B, and Cps5C and other bacterial proteins involved in carbohydrate synthesis, however, supports the premise that these proteins function in CP biosynthesis. The high homology between cps5D and the kdsA genes from other gram-negative bacteria suggests that Cps5D is the functional equivalent of the kdsA gene product required for the synthesis of dOclA. dOclA is an essential component of LPS, and it is also a component of the A. pleuropneumoniae serotype 5 CP, which has the structure [36
The close proximity of cps5ABC, the identification of a putative promoter upstream of cps5A, and the lack of a potential terminator sequence between cps5ABC suggest that these ORFs are cotranscribed. The longer intergenic space between cps5C and cps5D and the presence of a promoter sequence upstream of cps5D suggest that this gene may be transcribed independently of cps5ABC, but it is unknown whether the 8-bp inverted repeat present at the downstream end of cps5C functions as a terminator sequence. The proposed dual function for dOclA in A. pleuropneumoniae serotype 5 suggests the possibility for two coexisting transcripts: a longer transcript that would include cps5ABCD for CP biosynthesis, and a shorter transcript allowing for separate expression of cps5D during LPS biosynthesis. In this case, the 8-bp inverted repeat downstream of cps5C may be nonfunctional or only partly functional, while the 8-bp inverted repeat downstream of cps5D would serve to terminate both transcripts.
The low GϩC content of the DNA region encoding cps5 ABC (28%) differs from the overall 42% GϩC content reported for NAD-dependent strains of A. pleuropneumoniae (28) and from the GϩC contents for the flanking sequences (about 40% GϩC content for cpxDCBA and 42% GϩC content for cps5D). These findings are similar to results obtained for the serotype-specific capsular biosynthesis region of H. influenzae type b (52) and suggest a heterologous origin for the cps5ABC genes in A. pleuropneumoniae.
CP synthesis occurs on the cytoplasmic side of the gram-negative inner membrane (56) . Since the Cps5A, Cps5B, Cps5C, and Cps5D proteins are predicted to be relatively hydrophilic, it is likely that these proteins are located within the cytoplasm or associated with the cytoplasmic face of the inner membrane of A. pleuropneumoniae. A cytoplasmic location for Cps5D is also consistent with the cytoplasmic location of dOclA 8-phosphate synthetase in E. coli (58) .
Genetic manipulations in A. pleuropneumoniae have been difficult because of the strong restriction barrier expressed by this bacterium (10a, 23) . Both electroporation and conjugation have been successfully used to transform plasmid DNA into A. pleuropneumoniae serotype 1, but transformation efficiencies vary among serotypes (10, 28, 48, 55) . Tascón et al. (48) developed a system for random transposon mutagenesis of the A. pleuropneumoniae genome and have used this system to construct Apx toxin-deficient mutants (49) . Mulks and Buysse (32) described a targeted mutagenesis system for A. pleuropneumoniae that involved cloning the desired deletion site into a conjugative, R6K-derived, pir-dependent suicide vector, which is introduced into A. pleuropneumoniae by filter mating. Jansen et al. (23) have succeeded in producing targeted A. pleuropneumoniae knockout mutants (lacking expression of Apx toxins) by allelic exchange with a nonreplicating plasmid vector containing the desired mutation (consisting of a deletion and/or insertion). We also used homologous recombination and allelic exchange to inactivate A. pleuropneumoniae J45 genes involved in CP biosynthesis. The production of these mutants was significant because serotype 5 is one of the more difficult A. pleuropneumoniae serotypes to transform (unpublished data; 23, 55) . The medium used to grow A. pleuropneumoniae prior to electroporation with pCW11E⌬1KS1 was critical to obtaining the desired double-recombination event: nonencapsulated Kan r transformants were never obtained when A. pleuropneumoniae was grown in BHI-N (data not shown). A large proportion of the A. pleuropneumoniae Kan r transformants obtained (four of seven total in one experiment) had undergone the desired double-recombination event, and each was genotypically identical by Southern blot analyses. These results were unexpected because single-recombination events in which the entire plasmid vector integrates into the genome are more likely to occur (45) . However, Jansen et al. (23) also reported a high proportion of A. pleuropneumoniae double recombinants after electroporation with a suicide vector.
J45-100 did not produce intracellular or extracellular CP. This result was expected since mutations in DNA regions involved in CP biosynthesis of N. meningitidis group B, E. coli K1, and H. influenzae type b knock out the capability of these bacteria to produce intracellular or extracellular CP (13, 43, 52) . These results also indicated that cps5A, cps5B, and cps5C are involved in A. pleuropneumoniae serotype 5a CP biosynthesis. However, the exact contribution of each of these genes to the biosynthesis of the serotype 5a CP was not determined. It is important to note that J45-100 did not revert to the encapsulated phenotype in vivo in the pigs from which this strain was isolated, indicating the stability of the mutation. The only phenotypic difference between J45 and J45-100, besides CP biosynthesis, was that the generation time of J45-100 was about 5 min shorter than that of the parent. In contrast, spontaneous nonencapsulated H. influenzae type b mutants that produce, but do not export, intracellular CP grow more slowly and are highly pleomorphic (15) , possibly due to the toxic accumulation of intracellular CP. These observations suggested that CP expression is a metabolically expensive process, and cells that do not make CP can use more energy for growth.
As previously reported for chemically derived nonencapsulated mutants (20, 53) , J45-100 was efficiently killed in precolostral calf serum, an antibody-deficient source of complement, whereas J45 is resistant. Thus, the CP was the main determinant of serum resistance in A. pleuropneumoniae. Furthermore, J45-100 was completely avirulent in nonimmune pigs challenged intratracheally at a dose three times greater than the LD 50 of parent strain J45. When pigs were challenged with J45-100 at six times the J45 LD 50 , three of five pigs developed mild to moderate lung lesions but did not die. It is likely that the release of tumor necrosis factor and interferons by pulmonary alveolar macrophages and neutrophils in response to endotoxin as well as direct damage to cells by exotoxins were responsible for the lung lesions that occurred at this higher challenge dose. These challenge studies demonstrated that J45-100 was significantly attenuated in pigs, further substantiating the importance of the CP to A. pleuropneumoniae virulence.
Attempts to complement J45-100 in trans with cpsABC were not successful, which we attributed to the serotype 5 restriction system. When pJMLCPS5 was electroporated into strain 4074 serotype 1 (primarily to methylate the DNA), we found that the serotype 5a CP was being expressed in addition to the serotype 1 CP. This was unexpected because the complete cps locus was not cloned into 4074; cps5D (a homolog of kdsA) was not included. Because dOclA is required for LPS biosynthesis (35, 58) , a kdsA homolog must be present in 4074, which we presume was being utilized to complete biosynthesis of the serotype 5a CP. This presumption would also explain why relatively little serotype 5a CP was made by 4074(pJMLCPS5) in log phase, but greater amounts were made in stationary phase. During log phase, the kdsA gene product is required for LPS biosynthesis and cell growth (35) . However, once active cell growth has stopped or slowed in late stationary phase, more of the kdsA gene product could be applied to the biosynthesis of serotype 5a CP. Why expression of cps5ABC in serotype 1 suppressed serotype 1 CP expression is not clear but may be due to end-product repression (6) or limited CP export capability.
Strains of A. pleuropneumoniae that produce more CP have been reported to be more virulent than strains producing less CP (25, 39) . However, this is the first report of an isogenic strain of A. pleuropneumoniae that varies in the amount of CP produced. Strain 4074(pJMLCPS5), which produced significantly less CP in log phase than 4074, was also less virulent in pigs and mice than 4074, although due to the small number of animals used, the difference was not quite significant. In vivo, the bacteria would be in a state equivalent to log phase and produce less CP in the host, thus supporting previous reports that virulence is, in part, correlated with the amount of CP produced.
